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Abstract
Microscopic imaging of fluorescent lipid derivatives is a powerful tool to study membrane organization and lipid
trafficking but it is complicated by cellular autofluorescence background and photobleaching of the fluorophore as well as by
the difficulty to selectively image membranes stacked on top of each other. Here we describe protocols that strongly alleviate
such problems when pyrene-labeled lipids are being used. First, photobleaching of these lipids is virtually eliminated when
oxygen is depleted from the medium by using a gentle and simple enzymatic method. Second, an image practically free of
cellular autofluorescence contribution can be obtained simply by subtracting from the pyrene image the background image
obtained at a slightly different excitation wavelength. This type of background subtraction more properly accounts for the
typically uneven distribution of cellular background fluorescence than other, commonly used methods. Third, it is possible to
selectively image the pyrene lipids in the plasma membrane by using plasma membrane-specific quencher trinitrophenyl
lysophosphatidylethanolamine and image subtraction. Importantly, either the outer or the inner leaflet can be selectively
imaged by labeling the cells with pyrene phosphatidylcholine or phosphatidylserine, respectively. These protocols should be
of considerable help when studying organization of the plasma membrane or intracellular lipid trafficking. ß 2000 Elsevier
Science B.V. All rights reserved.
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1. Introduction
Microscopic imaging of £uorescent lipid deriva-
tives has been frequently employed to study various
membrane-related cellular phenomena, particularly
intracellular lipid tra⁄cking [1^4]. Such imaging is
also a promising tool to study other membrane-re-
lated phenomena, such as domain segregation. For
these purposes, quantitative imaging is highly desir-
able, but is very di⁄cult to achieve for several rea-
sons. First of all, most £uorophores rapidly photo-
bleach under the intense excitation light of the
microscope. This, together with the fact that the
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rate of photobleaching can di¡er vastly from one
organelle to another [5], seriously hampers quantita-
tive imaging. Various methods alleviating this photo-
bleaching problem have been described [6,7], but
they generally require the cells to be ¢xed before
imaging. Fixing, however, is problematic since it
can cause major structural changes in membranes
(see Section 4).
Second, it is di⁄cult to correct properly for the
background caused by cellular auto£uorescence and
light scatter. Simple subtraction of (i) an o¡-focus
image, (ii) an image of a cell-free area of the cover-
slip or (iii) an image obtained by spatial averaging
does not provide full correction since the spatial dis-
tribution of cellular auto£uorescence is typically un-
even. This is particularly problematic when the con-
centration of the £uorescent lipids is low; it is
desirable to maintain low concentrations to avoid
£uorophore-induced membrane perturbations.
Furthermore, selective imaging of an organelle
membrane is often impossible due to the unavoidable
contribution to the signal by the £uorophores lo-
cated in another membrane in proximity. Albeit con-
focal microscopy and computational methods avail-
able for wide-¢eld microscopes [8,9] help here, they
do not fully resolve the problem because of the lim-
ited resolution of microscope objectives in the z-di-
rection. The plasma membrane is particularly di⁄-
cult to image selectively due to numerous endo- and
exocytotic vesicles in close proximity. There is pres-
ently considerable interest in plasma membrane
imaging because of the need to understand the role
of domain formation in plasma membrane function
[10,11].
Phospholipids with a pyrene attached to one or
both acyl chains (PyrPLs) are attractive tools to
study membrane organization and intracellular lipid
tra⁄cking, for several reasons. First, the pyrene moi-
ety is hydrophobic and thus does not alter the con-
formation of the parent lipid [12] unlike more polar
£uorophores do [13,14]. Second, PyrPLs display con-
centration-dependent excimer £uorescence, which is
very useful when studying organization of cellular
membranes (cf. [15]). Third, PyrPLs have been
shown to be good substrates for intracellular lipids
transfer proteins [16^18] and are also metabolized
similarly to the natural ones [19,20]. In this study,
we describe several protocols that considerably help
to alleviate the problems discussed above when
PyrPLs are being imaged in living cells.
2. Materials and methods
2.1. Lipids and other reagents
Cholesterol, 1-palmitoyl-2-oleoyl-sn-glycero-3-phos-
phocholine, 1-palmitoyl-2-oleoyl-sn-glycero-3-phos-
phatidic acid and trinitrophenyl phosphatidyletha-
nolamine were purchased from Avanti Polar lipids
(Alabaster, AL, USA). The phospholipids with a
pyrene attached to the g-carbon of one or both
acyl chains were synthesized as described previously
[21,22]. Trinitrophenyl lysophosphatidylethanol-
amine (Tnp-LPE) was prepared as follows. 1-Lauro-
yl-2-hydroxy-sn-glycero-3-phosphoethanolamine (10
mg) was dissolved in 3 ml of chloroform-methanol
(2:1, v/v), 500 Wl of 5% NaHCO3 and 200 Wl of
500 mM trinitrophenylsulfonic acid were added and
the mixture was incubated in a shaker for 2 h at
37‡C. Then 8 ml of chloroform was added and, after
vigorous mixing, the aqueous phase was removed.
The chloroform phase was washed once with water,
evaporated to dryness under a nitrogen stream and
dissolved in chloroform. Tnp-LPE was puri¢ed by
HPLC on a preparative silica gel column (25U250
mm) using a gradient of chloroform/methanol/water
(60:40:4) into chloroform/methanol (10:1).
2.2. Cell culture
Normal Human ¢broblasts (GM08333A), ob-
tained from NIGMS Human Genetic Mutant Cell
Repository (Camden, NJ, USA), were grown in tis-
sue culture £asks (Nunc, Roskilde, Denmark) in
RPMI 1640 medium supplemented with 15% fetal
calf serum, L-glutamine (2 mM), non-essential amino
acids (0.1 mM each), penicillin (200 U/ml), strepto-
mycin (200 Wg/ml) and amphotericin B (0.25 Wg/ml)
at 37‡C under 5% CO2 atmosphere. BHK-21 cells
were cultured similarly except that the medium was
DMEM and the serum content was 5%. For micros-
copy, the cells were plated on round 32 mm diameter
coverslips placed in custom-made aluminum-Te£on
chambers. The coverslips had been cleaned by wash-
ing for 1 h at 50‡C with 1 M NaOH and 1 M HCl
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each, followed by washing with water and ethanol.
After incubation for 1^2 h at 37‡C the inoculum was
removed and the attached cells were washed, covered
with normal growth medium and placed in the incu-
bator. Labeling and imaging were carried out the
following day.
2.3. Preparation of lipid vesicles
The donor vesicles for cell labeling were prepared
as described previously [23]. To prepare vesicles with
the pyrene phospholipid only in the outer lea£et,
quenched donor vesicles consisting of 1-palmitoyl-
2-pyrenylacylphosphatidylcholine (16:0/PyrnPC, n =
8, 10 or 12), palmitoyloleoylphosphatidylcholine
(POPC), palmitoyloleoylphosphatidic acid (POPA)
and N-trinitrophenyl phosphatidylethanolamine
(Tnp-PE) (0.4:0.6:0.08:0.2 nmol) were incubated in
PBS with acceptor vesicles consisting of POPC,
POPA and cholesterol (100:5:100 nmol) and the
phosphatidylcholine (PC)-speci¢c transfer protein
(1 Wg) for 18 h at room temperature. This rather
long incubation period was used to ensure complete
equilibration of the labeled lipid between the donor
and acceptor vesicles. E⁄cient transfer of the pyrene-
PC was indicated by the over 100-fold increase of
pyrene £uorescence during the incubation [16]. Nota-
bly, the PC-speci¢c transfer protein mediates transfer
of PC only between the outer lea£ets of vesicles and,
furthermore, does not accelerate the (very slow)
transbilayer movement of PC [24].
2.4. Fluorescence imaging
Imaging was carried out on a Zeiss Axiovert 10
microscope equipped with Zeiss F-Fluar 40U objec-
tive and a Photometrics 200 CCD camera with a
thermoelectrically cooled Kodak KAF 1440 chip.
The camera was typically operated at the 658U517
pixel resolution and controlled by IP-lab software
(Scanalytics, Fairfax, VA, USA) running in an Apple
Centris 650 computer. A 345 nm (bandpass (BP)
11 nm) excitation ¢lter, a 480 nm (BP 80 nm) emis-
sion ¢lter and a 395 nm dichroic mirror were used
for PyrPL imaging. The pyrene images were cor-
rected for background £uorescence and scatter by
subtracting an image obtained with a 360 nm (BP
5 nm). Before printing, a median ¢lter was applied
on the images to reduce impulse noise [25] that was
signi¢cant (only) in the images of unlabeled cells as
well as in the di¡erence images. Oxygen was depleted
from the medium by adding glucose (0.6%), glucose
oxidase (10 U) and catalase (0.06 U) [26]. Catalase is
present to consume the hydrogen peroxide produced
upon oxidation of glucose. The proper concentration
of glucose oxidase was determined by measuring the
rate of oxygen depletion with an oxygen electrode.
Under these conditions, the oxygen level dropped to
8% and 2.5% of the original value after 1 and 2 min
of incubation, respectively.
To selectively quench the PyrPL £uorescence in
the plasma membrane, 1 ml of Tnp-LPE solution
in PBS (30 mM) was added to the chamber contain-
ing 1 ml of CO2-independent MEM. Alternatively,
Tnp-LPE in PBS was injected into the medium
with a micro-syringe attached to the microscope
transilluminator. The tip of the needle was posi-
tioned about 0.5^1 mm above the chamber bottom
and slightly o¡ the optical axis. This latter method,
unlike the former, allows one to acquire multiple
di¡erence images on a single chamber since the
quencher acts locally only.
2.5. Other methods
Fluorescence spectra were obtained with a PTI
Quantamaster £uorometer at 25‡C. When recording
the excitation spectra of cells, the emission mono-
chromator was replaced with the 480/80 nm ¢lter
so that the results could be compared with the
microscope data. To determine the intracellular
ATP and ADP concentrations the cells were treated
with 1 ml 8% perchloric acid, 20% ethanol, 10 mM
HEPES and 10 mM EDTA at 4‡C and the pre-
cipitate was removed by centrifugation. The pH of
the supernatant was adjusted to 6.0^7.4 with KOH
and the adenine nucleotides were determined using
the luciferase assay [27]. To determine the e¡ect of
deoxygenation on the rate of protein synthesis, 2 nCi
of [35S]methionine was added to the medium for
the last 3 min of the deoxygenation period. The
cells were then washed 2 times with PBS, lysed in
0.2 M NaOH and the proteins were precipitated
with tri£uoroacetic acid. The radioactivity of the pre-
cipitate was determined by liquid scintillation count-
ing.
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3. Results
3.1. Deoxygenation of the medium eliminates
photobleaching of pyrene lipids in cells
As mentioned above, photobleaching is a major
problem in quantitative £uorescence imaging. Oxy-
gen often plays a central role in this process [28]
and we therefore tested whether deoxygenation of
the medium would counteract photobleaching of pyr-
ene lipids in cells. The enzymatic deoxygenation pro-
tocol described by Englander et al. [26] was used, as
it is mild and simple to carry out.
Fig. 1 demonstrates the e¡ect of deoxygenation on
the photobleaching of lipid-bound pyrene fatty acid
in ¢broblast cells. In the absence of the oxygen de-
pleting system, the rate of photobleaching is rapid,
i.e. the pyrene £uorescence virtually disappears after
5 min of continuous excitation despite the use of a
narrow bandpass (11 nm) excitation ¢lter (Fig.
1A,B). Instead, when oxygen had been depleted by
adding glucose oxidase/catalase, photobleaching was
essentially eliminated (Fig. 1C,D). To determine the
Fig. 2. Kinetics of pyrene photobleaching in cells. Human ¢bro-
blasts were labeled and subjected to continuous excitation either
in the presence (closed symbols) or absence (open symbols) of
the oxygen depleting reagents as given in the legend of Fig. 1.
The upper panel shows bleaching of the pyrene label in mem-
branes. The half-times of bleaching in the presence or absence
of deoxygenation were determined to be 9400 and 71 s, respec-
tively. The lower panel shows the bleaching of pyrene £uores-
cence in brightly labeled neutral lipid droplets (cf. Fig. 1). The
half-times of bleaching with or without deoxygenation were
5400 and 8.5 s, respectively. In the absence of deoxygenation
also another (minor) bleaching component with a half-time of
72 s was observed. This component may relate to photobleach-
ing of pyrene phospholipids in membranes below and above lip-
id droplets in focus. Other conditions were as given in the
legend of Fig. 1. Fluorescence was quanti¢ed by summing the
intensity of pixels in a small area void of lipid droplets
( = membrane £uorescence) and another small area nearly cov-
ered by such droplets ( = droplet £uorescence), respectively. The
bleaching half-times were obtained by ¢tting a ¢rst or second
order (as appropriate) exponential decay curve to the data
points with Microcal Origin software.
Fig. 1. E¡ect of deoxygenation on photobleaching of pyrene-la-
beled lipids in living ¢broblasts. The lipids of human skin ¢bro-
blasts were labeled with pyrene by incubating in a medium con-
taining 25 WM pyrenedodecanoate/albumin complex for 1 h at
37‡C [49]. The cells were then subjected to continuous excita-
tion in the microscope trough a 345 nm (11 nm bandpass) ¢lter
either in the absence (A,B) or in the presence (C,D) of the oxy-
gen depleting reagents. Images were recorded (0.1 s exposure
time) after 5^10 s (A,C) and 5 min (B,D) of continuous excita-
tion. The images have been corrected for background £uores-
cence/scatter (see text). The brightly labeled structures are neu-
tral lipid droplets containing pyrene-labeled triglycerides and
cholesterol esters, while the di¡use £uorescence mostly origi-
nates from pyrene-labeled phospholipids in organelle mem-
branes [19].
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e¡ect of deoxygenation in a more quantitative man-
ner, a sequence of images was recorded with contin-
uous excitation and the £uorescence intensity in se-
lected areas was then plotted as a function of time.
Typical results are shown in Fig. 2. For the mem-
brane-associated pyrene £uorescence the half-time of
photobleaching was determined to be 1.2 min in the
absence of the deoxygenating reagents and 2.5 h in
their presence (Fig. 2, upper panel). Thus deoxyge-
nation diminished pyrene photobleaching about
130-fold. The e¡ect of deoxygenation was even
more dramatic for the cytoplasmic neutral lipid
droplets (Fig. 2, lower panel): the rate of photo-
bleaching decreased approx. 1000-fold (cf. legend of
Fig. 2).
Depletion of oxygen could potentially damage the
cells by preventing aerobic metabolism and thereby
reducing cellular energy levels. We therefore deter-
mined the e¡ect of deoxygenation on cellular ATP/
ADP ratio. As shown by Fig. 3, this ratio was not
signi¢cantly a¡ected during the 30 min test period,
thus suggesting that the cells can maintain their nor-
mal energy status under these conditions. In accor-
dance with this conclusion, deoxygenation had no
detectable e¡ect on the rate of protein synthesis dur-
ing this time (data not shown). We also did not ob-
serve that deoxygenation would cause any visually
detectable damage to the cells during the ¢rst
20 min. Later, however, plasma membrane blebbing
was observed, possibly due to depletion of cellular
energy levels [29,30]. Since glucuronic acid is pro-
duced from glucose by glucose oxygenase, lowering
of pH might also cause such blebbing. However, only
a minor (from 7.2 to 7.1) decrease of pH was ob-
served during a 45 min deoxygenation period.
3.2. Elimination of the contribution of the cellular
background £uorescence
Another factor complicating quantitative imaging
is the background £uorescence and scatter from the
optics and the medium. Also the cellular auto£uor-
escence deriving mainly from NAD/NADH, £avins
and lysosomal residues [31] can be signi¢cant, partic-
ularly at low probe concentrations. Typically, an o¡-
focus image or an image obtained from a cell-free
area is subtracted to correct for the background sig-
nal [32]. This method, however, is not always satis-
factory, as it does not properly account for the un-
even distribution of cellular auto£uorescence. Pyrene
has a sharp excitation maximum close at 345 nm, but
is hardly excited at 360 nm, while the cellular auto-
£uorescence/scatter shows little wavelength depen-
dence in this region (data not shown). Thus, it
should be possible to largely eliminate the cellular
background £uorescence/scatter by subtracting an
image obtained with the 360 nm excitation ¢lter
from one recorded with the 345 nm ¢lter. To test
this, images of unlabeled cells were obtained with
345 and 360 nm excitation and the latter image
was subtracted from the former that had been multi-
plied by an empirically determined factor to correct
for the wavelength dependence of the optical trans-
mission and lamp output. For the present setup this
correction factor was determined to be 2.35. As
shown in Fig. 4, an essentially ‘black’ image results,
thus indicating that the method properly corrects for
the background.
To test the usefulness of this protocol further,
BHK cells were brie£y labeled with dipyrenylacyl-
phosphatidylcholine (DiPyr4PC) to a low concentra-
tion and the cells were then imaged. Fig. 5A shows
the image obtained with the 345 nm excitation (pyr-
ene) ¢lter. The plasma membrane is the most prom-
inent structure in this image, which is to be expected
Fig. 3. E¡ect of deoxygenation on cellular energy status. BHK-
21 cell monolayers were incubated in the presence of the oxy-
gen depleting reagents for the indicated times and the cellular
ATP/ADP ratio was determined as measure of the cellular en-
ergy status. The bars indicate the standard deviation (n = 3).
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since exogenous DiPyr4PC initially incorporates to
the plasma membrane [20]. Fig. 5B shows the image
obtained with the 360 nm (background) ¢lter. The
distribution of £uorescence is now quite di¡erent
most of the £uorescence being internal, as expected
for cellular auto£uorescence. When the 360 nm im-
age was subtracted from the 345 nm image, the over-
all image contrast improved markedly (Fig. 5C).
However, aside this contrast enhancement, which is
largely due to elimination of the cell-independent
signal (see below), the e¡ect of background subtrac-
tion is not obvious from these images. This is largely
due to the fact that the auto£uorescence of BHK
cells with 345 nm excitation is quite low. Therefore,
we also studied mucolipidosis IV (ML-IV) cells that
typically have rather intense auto£uorescence [33,34],
probably due to accumulation of oxidized lipids and/
or other kind £uorescent material in the lysosomes.
As shown by Fig. 5D^F, subtraction of the 360 nm
image from the 345 nm image seems to provide a
reasonable background correction with these cells.
This is best indicated by the virtual absence on the
granular structures, prominent in the 360 nm image
(Fig. 5E), from the auto£uorescence corrected image
(Fig. 5F). Notably, however, full correction was not
obtained for some individual ML-IV cells, particu-
larly those displaying very bright punctate auto£uor-
escence. Control experiments (not shown) indicated
that this happens because the auto£uorescence of
those punctate structures (unlike the rest of the
cell) is excited signi¢cantly more e⁄ciently with the
360 nm ¢lter than with the 345 nm ¢lter.
3.3. Selective imaging of pyrene lipids in the plasma
membrane
We have previously found [20] that Tnp-LPE
added to the medium appears to quench selectively
Fig. 4. Validation of the background correction method with
unlabeled cells. Unlabeled BHK-21 cell monolayers were im-
aged using either 345 nm (A) or 360 nm (B) nm excitation ¢l-
ter. C shows the A3B di¡erence image. Due to wavelength-de-
pendent variations in the transmission e⁄ciency of the optics
and the excitation light intensity, it was necessary to multiply
the 345 nm image by a correction factor, determined to be 2.35
for the present setup. To reduce noise due to low £uorescence
intensity, the original images were smoothed using a 7U7 pixel
median ¢lter. Image A has been multiplied by the factor of
2.35 before printing. D displays line pro¢les obtained across im-
age A (upper continuous line), B (dashed line) or C (lower con-
tinuous line). The short white bars in A indicate the position
and width of the (vertical) line pro¢le.
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the pyrene lipids located in the plasma membrane of
¢broblasts, obviously by the Fo«rster-type energy
transfer mechanism. This ¢nding suggested that one
could obtain plasma membrane images free of con-
tribution by internal membranes, such as endosomes,
simply by recording an image before and another
after the addition of the quencher followed by sub-
traction of the latter from the former. To study this,
BHK cells were incubated with donor vesicles con-
taining DiPyr4PC and then chased for 2 h at 37‡C
(Fig. 6A). This protocol guarantees that the probe is
present both in the plasma membrane and various
intracellular structures, mainly endosomes and lyso-
somes [20]. Tnp-LPE was then added to the medium
and the cells were imaged again. As shown in Fig.
6B, the plasma membrane £uorescence has virtually
disappeared, but the intracellular £uorescence ap-
pears to remain una¡ected. These ¢ndings indicate
that Tnp-LPE indeed selectively quenches DiPyr4PC
Fig. 6. Selective imaging of plasma membrane outer lea£et.
BHK cells were labeled with sonicated DiPyr4PC:POPC:
POPA:Tnp-PE (10:85:5:10 nmol) vesicles for 15 min at room
temperature, chased for 2 h at 37‡C and then imaged directly
(A) and 1 min after addition of the Tnp-LPE quencher
(25 nmol) (B). The A3B di¡erence image (C) should be a selec-
tive image of the outer lea£et of the plasma membrane, since
DiPyr4PC is likely to be restricted to this lea£et (see text). The
original images were corrected for cellular auto£uorescence and
scatter. The arrowheads in C indicate cell-attached debris that
tends to be brightly labeled [23].
Fig. 5. Test of the background correction method with labeled
cells. BHK-21 cells (A^C) or ML-IV ¢broblasts (D^F) were la-
beled by incubating with DiPyr4PC:POPC:POPA:Tnp-PE
(1:8:0.5:1 nmol) vesicles for 15 min at room temperature. The
concentration of the donor vesicles in the medium was 10 times
lower than normal in order to obtain a low level of cell label-
ing. The cells were then imaged using either a 345 nm (A,D) or
a 360 nm excitation ¢lter (B,E). C and F show the di¡erence
images (2.35UA3B). The arrowheads indicate punctate vesicu-
lar structures that are clearly visible in the 345 and 360 nm im-
ages of ML-IV cells (D,E), but seemingly absent from the dif-
ference image (F).
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in the plasma membrane. Supporting this conclusion,
only the plasma membrane (along with cell-bound
debris indicated by the arrowheads) appears to be
visible in the di¡erence image (Fig. 6C).
The reason why the contour of the nucleus can
also be seen in this di¡erence image probably results
from the fact that in the site of the nucleus only a
single (‘lower’) plasma membrane domain is in focus
due to the thickness of the cells at this site, while in
the other regions two plasma membrane domains
(the ‘upper’ and ‘lower’) are in focus simultaneously,
thus resulting in higher intensity. We calculated ac-
cording to [35] that the depth of focus in our imaging
system is about 0.4 Wm. Since the height of the cell at
the site of the nucleus was estimated to be 5 Wm or
more, this explanation for intensity gradient close to
the nucleus in the di¡erence images seems feasible.
Notably, the gradient is not as steep as visual inspec-
tion of Fig. 6C (or Fig. 7C) would imply. This was
demonstrated by plotting the pixel intensities along
line pro¢les across cells in Fig. 6C and 7C (data not
shown).
The quenching was practically complete within
1 min after the addition of the quencher as indicated
by di¡erence images obtained for various times (data
not shown). The quencher seems to penetrate the
plasma membrane only very slowly if at all, since
no apparent changes in the internal £uorescence
were observed during several minutes of follow-up
(not shown). Notably, Fig. 6C should display a spe-
ci¢c image of the outer lea£et of the plasma mem-
brane, since DiPyr4PC should be largely restricted to
this lea£et [23].
To study whether a pyrene lipid present in the
inner lea£et of the plasma membrane would also be
quenched by Tnp-LPE, BHK cells were labeled with
dipyrenylacylphosphatidylserine (DiPyr10PS) by in-
cubating with donor vesicles and carboxyethylated
Q-cyclodextrin (CE-Q-CD) and then chased for
30 min at 37‡C. Under these conditions, most, if
not all, of DiPyr10PS should move to the inner lea£et
of the plasma membrane, for the following reasons.
First, previous studies have shown that most of
DiPyr4PS introduced to the outer lea£et of the plas-
ma membrane is e⁄ciently translocated by the ami-
nophospholipid translocase to the inner lea£et in 1 h
at a much lower temperature, i.e., at 8‡C [20]. Sec-
ond, DiPyr10PS should be at least as good a sub-
strate for the translocase as DiPyr4PS since, by sev-
eral criteria (cf. [12,19,20,36]), it is more similar to
natural PS than the short chain DiPyr4PS species.
Third, the half-time of translocation of the short-
chain NBD-PS in similar cells is of the order of 5^
15 min [34]. There are no obvious reasons as why the
translocation of DiPyr10PS should be slower. (Note:
DiPyr4PS was not used here simply because it is
rapidly depleted from the plasma membrane inner
Fig. 7. Selective imaging of the plasma membrane inner lea£et.
BHK cells were labeled according to [23] with sonicated di-
Pyr10PS:POPC:Tnp-PE (20:180:20 nmol) vesicles for 30 min at
37‡C in the presence of 15 mM CE-Q-CD, and then chased for
30 min at 37‡C and imaged directly (A) and again 2 min after
addition of Tnp-LPE (B). The A3B di¡erence image (C)
should be an image of the inner lea£et of the plasma mem-
brane, since DiPyr10PS should be present only in this lea£et
(see text).
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lea£et due to its rapid spontaneous £ux to the inter-
nal membranes [23].)
Fig. 7A and B show the images of the labeled cells
before and after addition of the Tnp-LPE quencher,
respectively. Comparison of these images indicates
that the plasma membrane £uorescence has been se-
lectively quenched. Thus Tnp-LPE also seems to
quench the pyrene lipids in the inner lea£et, even if
it itself is likely to be restricted to the outer lea£et. In
this case the di¡erence image (Fig. 7C) should there-
fore be an image of the inner lea£et of the plasma
membrane. However, since we have not actually de-
termined the transbilayer distribution of DiPyr10PS
molecules at the time of imaging, this proposition
should be considered tentative only. There are also
other sources of uncertainty when interpreting the
di¡erence images as will be discussed below.
To obtain more quantitative information on the
quenching process, we studied quenching of mono-
pyrene PC derivatives, i.e., 16:0/Pyr8-, 16:0/Pyr10-
and 16:0/Pyr12PC in unilamellar vesicles. Mono-
pyrene species were employed here simply because
modeling of their quenching is far more straightfor-
ward than that of the dipyrene derivatives. With the
latter, resonance energy transfer (RET) to the Tnp
moiety can occur either from the excited monomer
state or the dimer (excimer) state. This, together with
the fact that the excimer formation rate depends on
the length of the labeled chains [37], makes the anal-
ysis very complicated. The use of monopyrene lipids
as substitutes seems justi¢ed since the R0 values cal-
culated for RET from the excimer and monomer
states to Tnp di¡er only less than 20% and, secondly,
a major fraction of dipyrene lipid emits monomer
£uorescence (data not shown). The quenching distan-
ces obtained for the monopyrene lipid should thus
approximate reasonably well those of dipyrene spe-
cies.
The vesicles consisted of POPC, POPA, cholesterol
and a monopyrene PC species. The pyrene lipid was
present either in both lea£ets of the vesicles (symmet-
ric vesicles) or in the outer lea£et only (asymmetric
vesicles). When the symmetric vesicles were titrated
with Tnp-LPE, pyrene £uorescence was quenched
very similarly independent of the length of the pyr-
ene-labeled chain (Fig. 8, upper panel), while in the
case of asymmetric vesicles the quenching e⁄ciency
diminished with increasing length of the pyrene-la-
beled acyl chain (Fig. 8, lower panel). To determine
the e¡ective R0 value for this energy transfer-depen-
dent quenching, we employed the equations derived
by Wolf and coworkers [14]. Fitting their Eqs. 7 and
13 to the data in Fig. 8 upper and lower panel, re-
spectively, gave R0 the value of 15 Aî for both the
symmetric and asymmetric vesicles. This value of R0
is valid for a single donor-acceptor pair, but in the
membrane there are, except for very low acceptor
(quencher) concentrations, several acceptor mole-
cules at a distance from the donor which allows en-
Fig. 8. Quenching of pyrene phospholipid £uorescence by Tnp-
LPE in uni- and multilamellar vesicles. (Upper panel) Unilamel-
lar vesicles consisting of POPC/POPA/cholesterol and either
16:0/Pyr8PC (squares), 16:0/Pyr10PC (circles) or 16:0/Pyr12PC
(triangles) (100:5:100:1 nmol) in both lea£ets were titrated with
Tnp-LPE in PBS. Multi(oligo)lamellar vesicles (crosses) contain-
ing 16:0/Pyr10PC were similarly titrated. (Lower panel) As in
upper panel, but the pyrene lipid was present only in the outer
lea£et of unilamellar vesicles (see Section 2 for preparation). All
data were corrected for background £uorescence and dilution.
The curves are ¢ts to Eq. 7 (upper panel) or Eq. 13 (lower pan-
el) in [14].
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ergy transfer to take place. We calculated (data not
shown) that at moderate quencher concentrations the
e¡ective R0 is close to 20 Aî , i.e., 50% of pyrenes at
this distance would be quenched. Since the chromo-
phore of Tnp-LPE is probably located or has access
to the bilayer/water interface [38], and since the cen-
troid of a pyrene attached to an acyl chain of 12
carbons is about 14.5 Aî from the interface [12], it
is clear that any pyrene phospholipid present in the
same lea£et as the quencher should be e⁄ciently
quenched. In fact, even the pyrenes in the opposite
lea£et should be quite e⁄ciently quenched, at least
when attached to an acyl chain of moderate length.
For example, the centroid of a pyrene attached to a
ten carbon chain is about 13.5 Aî from the bilayer/
water interface [12]. Since the thickness of the hydro-
carbon region of a PC/cholesterol bilayer is approx.
30 Aî [39] the pyrenes would be only 16^17 Aî away
from the Tnp groups in the opposite lea£et. Accord-
ingly, it is feasible to propose that Tnp-LPE in the
outer lea£et of the plasma membrane can e⁄ciently
quench the £uorescence of DiPyr10PS located in the
inner lea£et (Fig. 7).
When multi(oligo)lamellar liposomes containing
16:0/Pyr10PC were titrated with Tnp-LPE, the
quenching was much less e⁄cient than with unila-
mellar vesicles (Fig. 8, upper panel). This indicates,
in accordance with the cell experiments (Figs. 6 and
7), that Tnp-LPE does not readily penetrate though
the membrane.
4. Discussion
4.1. Deoxygenation of the medium prevents
photobleaching of pyrene lipids
As was mentioned above, photobleaching is a seri-
ous problem in quantitative £uorescence imaging,
particularly when a series of images has to be ob-
tained on the same ¢eld [28]. Although the rate of
photobleaching can be signi¢cantly reduced by add-
ing certain chemicals [6,7], this usually requires that
the cells have been pretreated with an aldehyde ¢x-
ative. Such treatment, however, chemically modi¢es
the head group of the aminophospholipids PE and
PS [40]. Since these lipids account for up to 80% of
the total phospholipids in inner lea£et of the plasma
membrane [41], the head group modi¢cation is likely
to lead to major rearrangements of the lipid bilayer.
Accordingly, ¢xing should be avoided when studying
lipid organization in cellular membranes.
The present study demonstrates that deoxygena-
tion of the medium virtually eliminates photobleach-
ing of lipid-bound pyrene chromophore in cells. De-
oxygenation was achieved simply by adding glucose
oxidase and glucose into the medium; oxidation of
the glucose consumes molecular oxygen. Catalase is
present to consume the hydrogen peroxide produced
[26]. This method is very simple and rapid as ad-
equate deoxygenation is obtained within 1^2 min.
Furthermore, the cells do not seem to su¡er detect-
ably, at least during the ¢rst 20^30 min of deoxyge-
nation, as indicated by the maintenance of ATP lev-
els and by the lack of inhibition of protein synthesis.
This period is more than adequate for various types
of manipulations and sequential imaging. Notably,
similar deoxygenation methods have been tested pre-
viously for other £uorophores [42]. However, either
no bene¢cial e¡ect was observed or the e¡ect was far
less dramatic than what was observed for pyrene in
this study.
The mechanism of oxygen-dependent pyrene pho-
tobleaching is not clear, but a reaction of oxygen
with the triplet state of the £uorophore is an obvious
possibility [28].
4.2. Correction for cellular auto£uorescence and light
scatter
Beside photobleaching, cellular auto£uorescence
and cell-independent signal (i.e., £uorescence or scat-
ter from the optics, coverslip or the medium) can
seriously hamper quantitative imaging [43]. Various
methods to correct for these background signals have
been described. These include subtraction of (i) an
o¡-focus image, (ii) an image obtained from a cell-
free area on the coverslip or (iii) a digitally blurred
image. Although it is fairly straightforward to cor-
rect for the cell-independent signal, the same is not
true for the spatially unevenly distributed cellular
auto£uorescence. In this study we have provided evi-
dence that the contribution of cellular auto£uores-
cence to pyrene excimer images can be e⁄ciently
eliminated by taking images with 345 and 360 nm
excitation followed by subtraction of the latter image
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from the former. This approach was simpli¢ed by the
large (approx. 130 nm) Stokes shift of the pyrene
excimer £uorescence. In principle, a similar back-
ground correction can be done for pyrene monomer
images (as well as for those obtained with other £u-
orophores), but due to much smaller (30^40 nm)
Stokes shift this is technically much more demanding
and was not attempted here. Another problem with
pyrene monomer imaging is that most microscope
objectives are not well corrected at 400 nm where
the monomer £uorescence is observed. This tends
to result in ‘soft’ images.
The present protocol of background elimination is
very simple to carry out, can be easily made auto-
matic and it better corrects for the unevenly distrib-
uted cellular auto£uorescence than the other, com-
monly used methods (see above). However, even this
method fails if the 345 and 360 nm excitation ratio of
auto£uorescence is not similar in all cellular com-
partments, which seems to be the case for some
highly £uorescent ML-IV cells, for instance (see Sec-
tion 3). In those cases, more elaborate correction
protocols, such as those devised by Gadella and co-
workers [44] and others, [45] need to be used.
4.3. Selective imaging of pyrene lipids in the plasma
membrane
There is presently considerable interest in the lat-
eral organization of the cellular membranes, partic-
ularly the plasma membrane, because of the putative
involvement of speci¢c membrane domains in a vari-
ety of crucial cellular phenomena (reviewed in
[10,11,46,47]). Notably, however, the characteristics
(e.g., size, lipid composition and physical properties)
of such domains are poorly understood at present.
Fluorescent lipid analogues are potentially useful
tools for imaging of plasma membrane domains,
but their use is hampered by the fact that it is vir-
tually impossible to restrict the probes only to the
plasma membrane, but a signi¢cant fraction very
rapidly incorporates into endocytotic vesicles as
well [48]. Since some of these vesicles obviously lie
very close to the plasma membrane, they can, due to
the limited z-resolution of microscope objectives [35],
confuse the plasma membrane images. Although pre-
¢xation of the cells could prevent probe internaliza-
tion, it is likely to lead to other serious artifacts as
was discussed above. In this study we have provided
evidence that the pyrene lipids in the plasma mem-
brane can be selectively imaged in the presence of
strong intracellular labeling by using a plasma mem-
brane speci¢c quencher, Tnp-LPE and image sub-
traction. Experiments with cells and liposomes indi-
cated that Tnp-LPE e⁄ciently quenches the pyrene
lipids present in the same lea£et. However, also the
pyrenes in the opposite lea£et are e¡ectively
quenched, at least when attached to a longer acyl
chain. On the other hand, it is obvious from the
determined R0 value that pyrene lipids present in
endocytotic vesicles, even if the latter lie close to
the plasma membrane, cannot be signi¢cantly
quenched and should not contribute to the plasma
membrane images.
Intriguingly, it appears that one can selectively im-
age either the outer or inner lea£et of the plasma
membrane by labeling the cells with pyrene phospha-
tidylcholine or -serine, respectively (Figs. 6 and 7).
This o¡ers a possibility to probe the physical proper-
ties of either lea£et independently of each other,
which could help to answer the crucial but yet un-
answered question whether lateral lipid domains
(rafts) exist only in the outer lea£et of the plasma
membrane or in the inner lea£et as well [10,46]. In
this context, it is relevant to note that we have re-
cently devised a simple and e⁄cient method for the
introduction of long-chain £uorescent phospholipids
to living cells [23]. Such long-chain derivatives prob-
ably mimic better the native lipids than short-chain
ones (because the perturbing £uorophore is placed in
the more disordered region in the bilayer) and could
thus provide more accurate information on domain
formation. However, most £uorophores add bulk
to the labeled acyl chain and therefore even long-
chain £uorescent lipids may not faithfully report on
domains, particularly when their existence is crit-
ically dependent on acyl chain structure. We are
presently investigating this issue with model mem-
branes.
To obtain true images of a plasma membrane leaf-
let one should establish that the probe lipid is indeed
present in that lea£et only. This may not be readily
achieved with all probes. There is also another pos-
sible source of bias: the quenchers and/or the £uo-
rescent lipid molecules may not be evenly distributed
in the plane of the membrane, due to the existence
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(putative) lateral domains [11], for instance. This
would, for obvious reasons, make the interpretation
of the images di⁄cult or impossible.
In principle, the quenching method allows one to
determine what fraction of the cell-associated £uores-
cent lipid is in the plasma membrane, which can be
very useful when studying lipid endocytosis and traf-
¢cking. However, it should be noted that complete
quenching of the £uorescent lipids in the plasma
membrane may not always be achieved, thus result-
ing in underestimation of the plasma membrane-as-
sociated fraction. Comparison of the plasma mem-
brane intensities in a quenched image with those in
the original one can be used to estimate whether
quenching is complete or not.
Yet, one can make use of selective quenching of
the plasma membrane £uorescence to improve the
visibility of intracellular structures, as well demon-
strated by Figs. 6 and 7. Notably, long-chain £uo-
rescent lipids cannot be removed from the plasma
membrane by the back-exchange methods commonly
used with the short-chain ones [1]. It is important to
note here that ¢xation of cells should be avoided
since it seems to allow fairly rapid permeation of
Tnp-LPE through the plasma membrane, as indi-
cated by quenching of intracellular structures as
well (data not shown). The reasons for this perme-
ability increase are not clear but could result from
modi¢cation of the head groups of PE and PS by the
aldehyde ¢xative (see above).
Finally, there is no obvious reason why the meth-
ods described here (except perhaps the protection
against photobleaching by deoxygenation) could
not be applied with other £uorescent derivatives as
well. Notably, the background correction method
can be used also with £uorophores having a small
Stokes shift by employing two- or three-photon ex-
citation.
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